It has been earlier hypothesized that lysogenic infection with Stx-encoding phages influences protein expression in the bacterial host, and therefore, some differentially expressed proteins could affect survival characteristics and pathogenicity. We compared the protein expression profiles of the host MG1655 and lysogens by 2D electrophoresis. Four different genes identified were all related to Fe/S subunit production, namely, nfuA, fdoH, sdhB and ftnA. To explore the role of nfuA in the biology of Stx prophage lysogeny, gene knockout experiments and phage lysogenic conversion were performed. The inactivation of nfuA caused the prophage to enter its lytic life cycle, especially under an iron-depleted condition. A similar activity was also detected in the Escherichia coli O157:H7 strain from which the Stx phage Min 27 was originally isolated. NfuA might be the positive regulator of genes controlling lysogenic cycle such as cI, cII and cIII since their transcriptional level was significantly reduced in nfuA deletion mutant as shown by qRT-PCR. We conclude that NfuA is essential for maintenance of Stx phage lysogeny in host's genetic reservoir under iron-deficient condition.
INTRODUCTION
Shiga toxin-producing Escherichia coli (STEC) is a major cause of food and waterborne illnesses around the world (Kaper, Nataro and Mobley 2004) . The best-known serotypes are O157:H7 and, recently, O104:H4, which can cause bloody diarrhea and hemorrhagic colitis (Donnenberg and Whittam 2001; Bielaszewska et al. 2011; Rasko et al. 2011) . Shiga toxin 2 (Stx2) is the main virulence factor of STEC and is encoded in the genomes of lambdoid temperate phages such as 933W (Jaeger and Acheson 2000; Herold, Karch and Schmidt 2004) . Induction of Stx-encoding prophages triggers phage-mediated cell lysis concomitant with Stx production (Neely and Friedman 2003) . Min27 is a Stx phage induced from STEC strain Min27 that has been isolated from pigs, and sequence analysis has shown that the genome of Min27 is highly similar to that of 933 W (Su et al. 2010) .
Contribution of phages to bacterial evolution is now widely recognized. These act as vectors for gene acquisition by incorporating a prophage that provides the cell new functions (Brüssow, Canchaya and Hardt 2004; Canchaya, Fournous and Brüssow 2004; Escobar-Paramo et al. 2004; Silander et al. 2005) . Previous studies on Min27 have shown that the Escherichia coli K-12 strain converted by Stx phage acquired not only the ability to produce Shiga toxins, but also enhanced swimming motility and higher resistance to acid stresses (Su et al. 2010) . Some genes in the host also have important influences on prophage lysogeny; for example, dam is required for stable lysogeny of the Shiga toxin-encoding bacteriophage 933 W (Kenan et al. 2008) . By proteomic comparison of the expression profiles of E. coli K12 MG1655 and its lysogenic strain carrying Stx2-encoding Min27 followed by gene deletion, we provide clear evidence here that NfuA plays an important role in Fe metabolism and maintenance of Stx prophagy lysogeny.
MATERIALS AND METHODS

Bacterial strains, bacteriophages and culture conditions
The bacterial strains, bacteriophages and plasmids used in the present study are described in 
Construction of nfuA mutant strain and complementation
Deletion of the nfuA gene was performed according to Datsenko and Wanner (2000) , using plasmids pKD46, pKD4 and pCP20 and the oligonucleotide pair PnfuAup/PnfuAdown (Table  S1 , Supporting Information). Chromosomal deletion of the nfuA gene was confirmed by PCR analysis using the PnfuAL/PnfuAR primers. DNA manipulations were performed in E. coli MG1655 and E. coli Min 27 using established standard protocols (Sambrook and Russell 2001) . The resulting mutant strains were named MG1655 nfuA and Min27 nfuA, respectively. The E. coli gene nfuA was PCR amplified by using PnfuA1/PnfuA2 primers and ligated into the low-copy vector pUC18 at the BamHI and HindIII sites, yielding the pUCnfuA plasmid which was then transformed into the mutant strain to complement the phenotype. All constructs were verified by DNA sequencing. The resulting complementation strains were named MG1655 nfuA/ pUCnfuA and E. coli Min27 nfuA/pUCnfuA, respectively.
Lysogen production
Generation of the lysogenic strain was accomplished as previously described (Paul et al. 2007 ) by incubating the host bacteria to an OD 600 of 0.5 at 37
• C with constant shaking in a buffer containing Min27. Lysogens were confirmed by PCR amplification of the stx2 operon using stx2A and stx2B primers (Table S1 , Supporting Information) designed from the published sequence of the Stx2 phage Min27. Negative controls without phage challenge were included. A colony of a confirmed lysogen was cultured at 37
• C with shaking to generate stable lysogens. The lysogens identified were induced by norfloxacin, and plaques were screened using a two-layer agar plate assay (Chloe et al. 2001) . The plaques were then PCR analyzed to confirm the presence of the Stx2 operon.
2D electrophoresis (2DE) and image analysis
Escherichia coli MG1655 and MG1655 Min27 exhibited similar growth kinetics when aerobically cultured in LB broth. After culturing for 14 h at 37 • C to 2.0 at OD600 nm , the cells were harvested by centrifugation for 10 min at 4 • C at 6000 g. The protein samples were prepared as previously described (Manabe and Jin 2010) , and the protein concentration was determined by using the method described by Bradford (1976) . The soluble protein fractions of both bacterial strains were simultaneously extracted under the same conditions. For 2DE, sample preparation and electrophoresis were performed as previously described (Taddei et al. 2011) . A broad-range immobilized pH gradient (IPG) strips (pH 3-10) and narrow-range IPG strips (pH 4-7) were tested. The gels were fixed and then silver stained after electrophoresis. Images were analyzed by using the Image Master 2D Platinum software (version 5.0; GE Healthcare, Uppsala, Sweden), according to the manufacturer's instructions. 2DE analysis was repeated at least three times for each strain. Spots in each gel prepared from MG1655 and MG1655 ( Min 27) were matched and the percentage volume of spots was compared. The protein spot levels were considered to have higher or lower volume when there was at least a 1.5-fold difference (Wilkins, Homer and Beighton 2002; Wilkins, Beighton and Homer 2003; Paes et al. 2008) .
Protein digestion and mass spectrometry identification
Protein spots were excised from the 2DE gels, destained and ingel trypsin digested for protein identification (Wilkins, Homer and Beighton 2001) . The tryptic peptide mixture was lyophilized, dissolved in 0.1% trifluoroacetic acid, subjected to ZipTip C18 (Millipore Co., Bedford, MA) and spotted onto the sample plate of an Ettan matrix-assisted laser-desorption ionization time of flight (MALDI-TOF)/ Pro mass spectrometer (GE Healthcare, Uppsala, Sweden). Mass lists were used to screen against databases, including Mascot (www.matrixscience.com) programs using the National Center for Biotechnology Information non-redundant database.
Growth of strains in normal, Fe-amended and Fe-deficient media
Escherichia coli cells cultured overnight were diluted in sterile LB broth to an OD 600 of 1.0 and a 1.0-mL aliquot was transferred into a 250-mL flask containing 100 mL of fresh LB broth or LB supplemented either with FeCl 3 (50, 200 and 500 μM) or with iron chelator 2,2 -dipyridyl (50, 100, 150, 200 and 250 μM). The OD 600 of the bacterial culture was monitored for 8 h with shaking (200 rpm) at 37
• C.
Detection of phage and Stx in supernatants of lysogen cultures
Suspensions of each culture were centrifuged after 14 h of incubation at 37
• C, and the supernatants were filtered through 0.22-μM membrane filters to obtain cell-free filtrates containing free phage particles and Stx. An aliquot of each sample was immediately frozen at -20 • C for Stx detection, and a second aliquot was serially diluted 10-fold for titering phage according to a previously described method (Chloe et al. 2001) . The cytotoxicity of Stx released from lysogen cultures was determined by using the WST-1 cell proliferation assay kit (Biyuntian Biotechnology Research Institute, China), following the manufacturer's instructions (Yan et al. 2011) . Escherichia coli O157:H7 strain Min27 induced with norfloxacin (1 μg mL −1 ) was used as the Stx-producing control. Escherichia coli K-12 strain MC1061 and LB broth with norfloxacin were used as negative controls. The percent cytotoxicity was calculated using the following equation:
where A Experimental value is the absorbance of the test sample (Puriya et al. 2008) . Quantitative data were expressed as the mean absorbance ± SEM.
RNA extraction, reverse transcription-PCR (RT-PCR) and quantitative real-time PCR (qRT-PCR)
Cells at an OD 600 of 0.6 were collected or treated for 20 min with 2,2 -dipyridyl (250 μM) (Angelini et al. 2008) . Total RNA was isolated from cell cultures and treated according to the manufacturers' protocols (OMEGA, GA). Total RNA (1 μg) was reversetranscribed using SuperScript using 100 ng of random primers and according to the manufacture's specifications (Invitrogen, Shanghai, China). Ten-fold dilutions (10 −3 -10 −5 ) of the template cDNA were prepared for PCR and qRT-PCR analyses. Triplicates were performed for each forward and reverse primer pair combination (Table S1 , Supporting Information). Real-time PCR was performed using the Chromo4 continuous fluorescence detector (Bio-Rad). A 16S rRNA gene, rrsC, was used for normalization and calculation of relative expression. Threshold cycle values (CT) of the tested genes were determined, and normalized expression of each target gene was given as the CT between the log 2 transformed CT of the target gene and the log 2 transformed CT of the internal control. Log 2 transformed gene expression levels ( CT) of each target gene were expressed as log 2 differences from the control (= log 2 CT method) (Pfaffl 2001) .
RESULTS AND DISCUSSION
Comparison of soluble proteins of E. coli MG1655 and MG1655 Min27 by 2DE and protein identification and validation by qRT-PCR
2DE analysis of whole soluble proteins was repeated at least three times for each strain to establish the possible differential expression between E. coli K-12 MG1655 and MG1655 lysogenized with Min27. Better separation was achieved when pH 4-7 IPG strips were employed for isoelectric focusing in the 2DE experiments. To compare silver-stained protein spots of E. coli MG1655 and MG1655 Min27 gels, these were concomitantly stained in the same tray, and digitalized as tagged image files immediately after staining. 2DE proteins profiles from three pairs of silver-stained analytical gels from three different experiments were compared. Figure 1A and B showed the profiles of MG1655 and MG1655 Min27 soluble protein extracts, respectively. The gels were submitted to image analysis using the Image Master Computer program, which detected 65 protein spots in MG1655 and MG1655 Min27 gels. The ratios of spot volume were estimated. Three replicates of gels exhibited identical differential expression spots. Among the different spots, 26 spots of MG1655 Min27 showed similar or lower intensity than the corresponding spot of host MG1655, whereas 8 spots showed higher intensity. Interestingly, the remaining 24 spots of the MG1655 Min27 strain showed 2-fold higher, and in some cases, ≥4-fold abundance than the corresponding spots in the MG1655 strain (Fig. 1) . Moreover, five protein spots were unique to MG1655 Min27 (Fig. 1B) , and two spots were unique to MG1655 (Fig. 1A) .
For protein identification, 28 spots were selected, excised from the gels and submitted to in-gel trypsin digestion for mass spectrometric identification (Table 2) . By MALDI-TOF analysis of peptides and by interrogation of the MG1655 genome sequence, the identified proteins were classified to different classes, including proteins involved in cellular metabolism, cellular structure and genome regulation. Among the spots identified, four Figure 1 . 2DE analysis of soluble proteins from MG1655 (A) and MG1655 Min27 (B) cultured in LB broth. Soluble protein fractions were applied to 4-7 IPG strips for isoelectrofocusing, followed by electrophoresis on a 12% polyacrylamide gel. Spots that showed differences in intensity are indicated by arrows.
were all related to proteins with Fe/S subunits (NfuA, FdoH, SdhB and FtnA), and targeted to confirm the qRT-PCR results. The expression of nfuA was 38.4 ± 1.4-fold higher in the MG1655 lysogen; the ratios for fdoH, sdhB and ftnA were 14.6 ± 0.5, 11.1 ± 0.5 and 3.7 ± 0.1, respectively. In general, the data obtained by qRT-PCR was consistent with the results obtained from the 2DE analysis (for nfuA, fdoH, sdhB and ftnA, these values were 45.50 ± 2.22, 17.43 ± 0.85, 14.01 ± 0.70 and 4.37 ± 0.21, respectively; Table 2 ).
A previous study investigated the gene expression responses of the E. coli K-12 strain MG1655 and the pathogenic strain O157:H7 Sakai (Hayashi et al. 2001) . To investigate if phage integration might affect the biology of the host, a previous study also revealed that conversion with the Stx2 phage Min27 ( stx::cat) had a marked effect on transcriptomic expression of MG1655 ( stx::cat), and that lysogens with Min27 ( stx::cat) had a greater ability to survive in an acidic environment (Su et al. 2010) . Iron is an essential element for the survival of E. coli and is generally considered as a limited resource for pathogenic bacteria; therefore, iron availability is an important determinant of virulence (Braun 2001; Marquet et al. 2007 ; Heinemann, Jahn and Jahn 2008). NfuA, which is required for Fe/S biogenesis in E. coli, represents a class of Fe/S scaffold proteins involved in the chaperoning and maturation of Fe/S proteins. The nfuA gene plays a key role in survival under iron stress conditions and is required for nutritional competence in E. coli (Palchevskiy and Finkel 2006; Angelini et al. 2008) . Based on these premises, we opted to utilize nfuA in the subsequent experiments.
Deletion of nfuA led to growth defects, phage release and Stx production
The nfuA mutant (MG1655 nfuA) was obtained by using the Red recombinase system, with the predicted size of 202 bp (Fig. S1 , Supporting Information). The absence of expression of nfuA in the mutant strain was confirmed by RT-PCR. In contrast, positive RT-PCR amplification was achieved with RNA from the wild-type strain, MG1655.
To investigate the physiological role of nfuA gene in phage lysogenic infection, MG1655 nfuA mutant was used as the host for infection with the Min27 phage. After several attempts, the stable lysogen (MG1655 nfuA Min27) was successfully generated and produced infectious particles of Min27 after induction; the stx2 operon was also amplified from the lysogens using the specific primers Pstx2A/Pstx2B (Table S1 , Supporting Information; data not shown).
The MG1655 nfuA mutants showed a lower growth rate compared to that of the wild-type MG1655 (Fig. 2A) . In-growth experiments in LB broth supplemented with 2,2 -dipyridyl or FeCl 3 , the concentrations of 2,2 -dipyridyl (250 μM) and FeCl 3 (500 μM) that had no significant effect on the growth kinetics of the wild-type strain MG1655 were determined (data not shown). The nfuA mutant was susceptible to iron deficiency induced by Fe chelation with 2,2 dipyridyl (250 μM) ( Fig. 2A) . When these experiments were repeated with the corresponding Min 27 lysogens, the lysogen of the nfuA mutant (MG1655 nfuA Min27) showed slower growth than the wild-type lysogen in general LB broth, and Fe 3+ supplementation reduced this difference. In contrast, 2,2 -dipyridyl enhanced the difference, and with increasing added concentration of 2,2 -dipyridyl in LB broth, the difference was further enhanced (Fig. 2A) . The nfuA mutant lysogen was susceptible to iron deficiency. To determine if the growth defect observed in the nfuA mutant lysogens was due to spontaneous phage induction, we titered free phage in these lysogens cultures, as well as assessed the cytotoxicity effect of any released Stx on Vero cells (Table 3) . The number of phages present in the supernatant of the lysogen for nfuA mutant cultures was significantly higher (above 10 6 PFU mL −1 ) than that (below 10 2 PFU mL −1 ) of the wide-type lysogen cultures in LB broth complemented with 250 μM 2,2 -dipyridyl (Table 3) . On the other hand, the cytotoxic effect of Stx from the supernatant of the nfuA mutant lysogen cultures on Vero cells was also higher than that observed in the wild-type lysogen cultures. Consequently, both plaque assay and Stx determinations confirmed that the high levels of spontaneous phage induction occurred in the nfuA mutant lysogens. Lysogens of the nfuA mutant were unstable and produced high levels of free phage, which in turn increased Shiga toxin production. Stx production is linked to the phage lytic cycle (Wagner, Acheson and Waldor 1999) and Stx increases are therefore expected when the phage enters the lytic cycle. When the mutant strain was complemented with pUCnfuA, the difference in growth kinetics to that of the wild type was avoided. A negative control using vector pUC18 was examined, and no effects were detected. Complementation of the mutant lysogens with pUCnfuA led to the generation of a lower number of phages (<10 2 PFU mL −1 ) and lower level of Stx in the culture supernatants, together with elimination of the differences in growth kinetics in either normal LB broth or that supplemented with 2,2 -dipyridyl (250 μM) ( Table 3 , Fig. 2B ), indicating that spontaneous phage induction was due to nfuA deletion. NfuA might be required in the maintenance of Min27 lysogeny, especially under iron-depleted conditions. To investigate the influence of nfuA on the maintenance of Stx-encoding prophages, the nfuA mutant of the original STEC O157:H7 Min 27 strain was generated, and growth experiments, plaque assay and Stx detection were repeated as earlier described. The results were consistent with those obtained with the E. coli K-12 nfuA lysogens. Similarly, the complementation experiment restored O157:H7 strain Min27 growth under iron starvation that was induced by the addition of 2,2 dipyridyl (Table 3 , Fig. S2 , Supporting Information).
Genes regulating phage lytic cycles were repressed in nfuA deletion mutant under iron-deficient condition
To determine whether gene expression that is involved in the regulation of the phage life cycle was affected by nfuA inactivation and iron starvation, the mRNA levels of cI, cII, cIII and cro were monitored by qRT-PCR. The results obtained in the presence of 2,2 -dipyridyl (250 μM) showed that the lysogen of the nfuA mutant exhibited a ∼9-fold increase in the cro mRNA level and a 5-to 20-fold decrease in the cI, cII and cIII mRNA level compared to that of the wild-type lysogen. CI and Cro proteins controlled the life cycle of lambda phages. Simultaneously, the initial lytic/lysogenic decision was also dependent on the expression levels of the CII and CIII proteins. Exposure of the host bacterial cell to stress triggered the SOS response as well as the CI repressor responsible for maintaining the lysogenic state, resulting in its deactivation, which in turn led to the induction of the lytic cycle. This is central to the lysis/ lysogeny switch in bacteriophage lambda, and is a feature of all Stx phages, which are therefore classified as lambdoid (Herskowitz and Hagen 1980; Serra-Moreno, Jofre and Muniesa 2008) . Therefore, the expression of genes involved in the phage lysogenic (or lysenogenic) life cycle was affected by nfuA deletion under iron-depleted conditions, leading to the induction of the phage lytic cycle. In the present study, qRT-PCR analysis has revealed a potential link between this regulatory network and the host nfuA under iron starvation conditions. The expression of cI, cII and cIII, which are essential for the maintenance of lysogeny, was repressed in the lysogens of nfuA knockout mutants under iron-depleted conditions, compared to that observed in the wild-type lysogen. With increasing expression levels of cro, which is necessary for lytic development, and leading to the lytic life cycle, toxins are released, which in turn result in severe STEC-mediated disease.
CONCLUSION
Only few studies examined the link between lysogenic phage and the biology of E. coli. By proteomic analysis, we identified several highly induced proteins in the host strain lysogenized with Stx-containing Min27. Of note was the protein NfuA with more than 45-fold increase as compared with its parent strain. By genetic deletion and complementation of nfuA in combination with functional studies, we further demonstrated that NfuA plays an indispensable role in maintaining stable lysogeny of Stx-encoding prophages in E. coli especially under iron-depleted stress that would allow the bacteria to survive with reduced toxin production while ensuring the maintenance of genetic information in the host strains.
